The clinical findings that alendronate blunted the anabolic effect of human parathyroid hormone (PTH) on bone formation suggest that active resorption is involved and enhances the anabolic effect. PTH signals via its receptor on the osteoblast membrane, and osteoclasts are impacted indirectly via the products of osteoblasts. Microarray with RNA from rats injected with human PTH or vehicle showed a strong association between the stimulation of monocyte chemoattractant protein-1 (MCP-1) and the anabolic effects of PTH. PTH rapidly and dramatically stimulated MCP-1 mRNA in the femora of rats receiving daily injections of PTH or in primary osteoblastic and UMR 106-01 cells. The stimulation of MCP-1 mRNA was dose-dependent and a primary response to PTH signaling via the cAMP-dependent protein kinase pathway in vitro. Studies with the mouse monocyte cell line RAW 264.7 and mouse bone marrow proved that osteoblastic MCP-1 can potently recruit osteoclast monocyte precursors and facilitate receptor activator of NF-B ligand-induced osteoclastogenesis and, in particular, enhanced fusion. Our model suggests that PTH-induced osteoblastic expression of MCP-1 is involved in recruitment and differentiation at the stage of multinucleation of osteoclast precursors. This information provides a rationale for increased osteoclast activity in the anabolic effects of PTH in addition to receptor activator of NF-B ligand stimulation to initiate greater bone remodeling.
Parathyroid hormone (PTH)
2 is a principal hormone regulating bone remodeling via its actions on both bone formation and bone resorption. The finding that the anabolic effect of human PTH-(1-34) on bone formation was blunted when bone resorption was inhibited indicated that active resorption is involved and enhances the in vivo anabolic effect of PTH (1) (2) (3) . However, the molecular basis of the osteoclast activation in this process has not been fully studied. In order to identify the key mediators for the anabolic effects of PTH, we performed microarray using RNA from the femora of 3-month-old Sprague-Dawley female rats injected daily with hPTH-(1-34) to increase bone formation or vehicle. This was compared with rats receiving hPTH-(1-34) in a catabolic protocol by continuous infusion. PTH-(1-34) regulated numerous genes (ϳ1,000), but differentially, in both regimes (see accompanying article, Ref. 4) . Notably, in the anabolic protocol, a number of cytokines and chemokines, RANKL, interleukin-6, CXCL1, and CCL2 (MCP-1), were highly induced. In contrast, none of these were significantly increased, by microarray, in the catabolic protocol. The chemokine, monocyte chemoattractant protein-1 (MCP-1, CCL2), was found to be the most highly stimulated gene from 14-day intermittent hPTH-(1-34) or hPTH-(1-31) administration (both cause over 100-fold changes). With continuous infusion of PTH, the MCP-1 mRNA was elevated less than 2-fold, and this difference indicates a potentially important role for MCP-1 in the anabolic effect of PTH.
Chemokines are bioactive peptides that regulate leukocyte activation and migration. They are essential mediators of inflammation and are crucial for the control of viral infections. MCP-1 is one of the CC chemokines, one of the four main subfamilies of chemokines, consisting of C, CC, CXC, and CX3C, according to the location of the N-terminal four cysteine residues (5) . As a potent chemokine for monocytes and macrophages, MCP-1 is implicated in the pathogenesis of diseases characterized by monocytic infiltrates (6) . It can be commonly detected at the site of tooth eruption, rheumatoid arthritic bone degradation, and bacterially induced bone loss (6) due to stimulation by inflammatory mediators. MCP-1 is also expressed by mature osteoclasts, and its expression is stimulated by receptor activator of NF-B ligand (RANKL) and regulated by nuclear factor B (6 -8) . It is known that expression of MCP-1 is temporally and spatially associated with the recruitment of monocytes in both osseous inflammation and during developmentally regulated bone remodeling in the process of tooth eruption (9) .
In vitro studies have shown that osteoclasts in both mice and humans may form directly from precursor cell populations of monocytes and macrophages (10) . It is very likely that MCP-1 may play a role in hormone-stimulated bone remodeling through action on osteoclasts. However, the relationship between MCP-1 and PTH, one of the most effective hormones regulating bone remodeling, has never been investigated. Here we propose a model suggesting that PTH-induced osteoblastic expression of MCP-1 is involved in osteoclast recruitment and differentiation at the stage of fusion and multinucleation of osteoclast precursors. This hypothesis provides a rationale for increased osteoclast activity in the anabolic effect of PTH, apart from RANKL stimulation, to initiate greater bone remodeling in a transient time-dependent fashion. Collectively, our data strongly point toward MCP-1 being an important molecule for communication between osteoblasts and osteoclasts in the anabolic effect of PTH.
EXPERIMENTAL PROCEDURES
Chemicals-Synthetic PTH-(1-34) (human), PTH-(3-34) (bovine), and PTH-(1-31) (human), were purchased from Bachem (Torrance, CA). Inhibitors H-89 and GF109203X were purchased from Calbiochem. Rat PTH-(1-34), 8-bromocAMP, PMA, and cycloheximide were obtained from Sigma. Recombinant rat/murine RANKL, M-CSF, MCP-1, and neutralizing anti-MCP-1 antibody were purchased from Chemicon (Temecula, CA). Penicillin/streptomycin was obtained from Invitrogen.
In Vivo Treatment of PTH in Rats-Sprague-Dawley rats (3-month-old female, about 250 g) were purchased from Taconic Farms, Inc. (Germantown, NY). For the anabolic protocol, rats were injected subcutaneously with vehicle (0.9% saline solution) or hPTH-(1-34) (8 g/100 g) and euthanized using CO 2 at the indicated time after injection. For the catabolic protocol, vehicle (0.9% saline solution) or hPTH-(1-34) in a final volume of 200 l was continuously infused into animals at a nominal pumping rate of 1 l/h by Alzet osmotic pumps (DURECT Corp.) implanted subcutaneously; continuous infusion of PTH-(1-34) was at 4 g/100 g/day for the indicated time to 3-month-old female Sprague-Dawley rats (at least four animals per group).
The animal protocols were approved by the Robert Wood Johnson Medical School Institutional Animal Care and Use Committee. The primary spongiosa samples from the distal femur were harvested immediately after sacrifice as described previously (11) .
Analysis of mRNA Abundance by Real Time RT-PCR-Cells or tissues were harvested at the indicated time points after PTH treatment. As described earlier (12) , total RNA was isolated using TRI Reagent (Sigma) followed by purification with the RNeasy kit (Qiagen). A TaqMan reverse transcription kit (Applied Biosystems) was used to reverse-transcribe mRNA into cDNA. Following this, PCR was performed on Opticon (MJ Research) using a SYBR Green PCR core kit (Applied Biosystems). The primers used for the RT-PCR are summarized in Table 1 . For cell culture samples, glyceraldehyde-3-phosphate dehydrogenase was used as an internal control. For femoral samples, ␤-actin was used as an internal control.
Cell Culture-UMR 106-01 cells were maintained in Eagle's minimal essential medium supplemented with 5% fetal bovine serum, nonessential amino acids, 25 mM HEPES (pH 7.4), 1% penicillin/streptomycin (5,000 units/ml), and 100 g/ml streptomycin. For serum starvation, osteoblastic cells were allowed to grow to 70 -80% confluence and then switched to serumfree minimal essential medium for 1 day before the addition of PTH.
Rat primary calvarial osteoblastic cells were obtained and cultured as described previously (13) . Before PTH treatment, these cells were serum-starved for 1 day.
RAW 264.7 cells were plated at 10 6 cells/cm 2 concentration in Dulbecco's minimal essential medium (supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 5,000 units/ml). The cells were cultured in 5% CO 2 in a humidified environment.
Mouse osteoclasts were cultured from bone marrow isolated from femora and tibiae of 4 -6-week-old wild-type B6/129 mice. Briefly, bone marrow was flushed from long bones with serum-free ␣-minimum Eagle's medium, and the marrow clumps were broken down by passing media through a syringe with an 18-gauge needle; after centrifugation, the cell pellets were resuspended in 10% ␣-minimum Eagle's medium and incubated in tissue culture dishes at 37°C in 5% CO 2 . Cells were stimulated with the indicated concentration of cytokines (M-CSF, 30 ng/ml; RANKL, 50 ng/ml) from the time of culture; fresh cytokines were added every other day until day 6 or day 10 (for bone resorption assay only) (14, 15) .
MCP-1 ELISA-A rat MCP-1-specific ELISA kit was purchased from BIOSOURCE to measure the protein level of MCP-1 in cell culture media. Assays were performed as recommended by the manufacturer to determine levels of secreted MCP-1 in UMR 106-01 cell culture media that had been concentrated in Amicon Ultra spin columns (Millipore, Billerica, MA) from 4 ml to a 500-l volume. Values were calculated from standard curves set up for each assay. Supernatants were always run in duplicate, and the variance between the two replicates averaged less than 10%.
Chemotaxis Assay-This method was performed as described previously (16 -18) . Briefly, serial dilutions of MCP-1 or conditioned media from UMR 106-01 cell culture media treated with PTH-(1-34) for 2 h were added to the bottom wells of a 96-well chemotaxis chamber (Neuro Probe, Inc.) with osteoclasts or the precursors scraped off from the culture dishes with a rubber-tipped cell scraper (19) and placed on the top of the membrane (8-m pores). After incubating 6 h at 37°C in a humidified incubator, chambers were disassembled, and the excess cells were mechanically removed from the applied side of the membranes. Membranes were fixed with methanol and processed for TRAP staining followed by counterstaining with hematoxylin. Cells positive for TRAP were identified as osteoclasts. Migration was quantitated by cell counts in six fields (ϫ200 magnification) of each well on the semi-membrane by light microscopy using image analysis software (SPOT Advanced; Diagnostic Instruments, Inc.). The conditioned media were concentrated in Amicon Ultra spin columns (Millipore, Billerica, MA) from 10 ml to a 100-l volume before inclusion in the chemotaxis assay. Conditioned media prepared in this way generally contained ϳ25 ng/ml MCP-1 (in the concentrated media) as determined by ELISA. In experiments to test the specificity of the chemotactic effect of MCP-1, the medium containing the recombinant MCP-1 or concentrated conditioned media was incubated with 2.5 g/ml of either rabbit IgG or anti-MCP-1 neutralizing antibody (polyclonal) at room temperature for 2 h before being used to study chemotaxis of pre/osteoclast cells as described above.
Osteoclastogenesis-A serial dilution of recombinant rat MCP-1 (10 -200 ng/ml) with or without RANKL and M-CSF (in primary osteoclast culture only) was added to cell culture media for the indicated time, and osteoclast differentiation was then assessed by measuring the activity of TRAP, a marker enzyme of osteoclasts, using acid phosphatase kit 387-A (Sigma) and by the direct enumeration of TRAP-positive, morphologically distinct, multinucleated osteoclasts (20, 21) . Briefly, the specimens were fixed for 30 s and then stained with naphthol AS-BI-phosphate and a tartrate solution for 30 min at 37°C, followed by counterstaining with a hematoxylin solution. Osteoclasts were determined to be TRAP-positive staining multinuclear (Ͼ3 nuclei) cells using light microscopy. The total number of TRAP-positive cells and the number of nuclei per TRAP-positive cell in each well were counted. The morphological features of osteoclasts were also photographed.
Bone Resorption Assay-Mice bone marrow cells were plated onto BioCoat TM Osteologic TM disks (BD Biosciences) under the same culture conditions as described above. The disk incorporates an artificial bone analog in the form of sub-micron calcium phosphate films that can be resorbed on transparent quartz substrates. After a 10-day culture, 1 ml of bleach solution (ϳ6% NaOCl, ϳ5.2% NaCl) was added to each well. Five min later, the disks were washed with distilled water to remove adherent cells. The disks were then air dried and examined by light microscopy.
Statistics-All data are based on a minimum of three replicate experiments performed independently on different occasions, unless otherwise stated. Data are shown as mean Ϯ S.E. in the figures. Student's t test or one-way analysis of variance and Tukey's test was used for statistical analyses.
RESULTS

PTH Regulates MCP-1 mRNA Abundance in Vivo and in
Vitro-Recent microarray studies from our laboratory identified MCP-1 as the most highly regulated target gene in an anabolic PTH protocol in rats, which was not significantly stimulated in a catabolic protocol (4). We confirmed this result by performing real time RT-PCR using RNA isolated from the metaphyseal region of the femora of rats that had received intermittent injections of PTH. As shown in Fig. 1A , daily injections of hPTH-(1-34) for 1, 3, 7, 10, and 14 days greatly stimulated MCP-1 mRNA expression in this bone tissue in rats 1 h after the injection. This induction occurs very quickly, since there is a 32-fold increase in the mRNA expression of MCP-1 1 h after even one PTH injection. Interestingly, the fold simulation of MCP-1 mRNA level kept increasing with longer PTH treatment resulting in an increase of more than 200-fold with 14 daily intermittent injections of PTH.
In the PTH catabolic treatment model where hPTH-(1-34) was continuously infused into rats subcutaneously, the MCP-1 mRNA level was significantly increased in this region of bone at 6 h and 6 and 14 days but was never greater than 2.5-fold of the vehicle controls (Fig. 1B) .
To confirm that the stimulation of MCP-1 is an osteoblastic response to PTH, we examined the MCP-1 mRNA level after PTH-(1-34) (10 Ϫ8 M) administration in osteoblastic cells, the UMR 106-01 cell line, and primary osteoblastic cells. The results indicate that PTH treatment stimulates MCP-1 mRNA levels by 20-fold in the UMR cells with the peak level around 90 min after PTH treatment (Fig. 1C) . Correspondingly, ELISA showed that secreted MCP-1 protein in UMR cell culture media reached a peak level 2 h after PTH-(1-34) (10 Ϫ8 M) treatment (Fig. 2) . Furthermore, MCP-1 stimulation by PTH is also observed in rat primary calvarial osteoblastic cells (Fig. 1D ). These cells mimic the development of osteoblasts in vivo by transitioning sequentially through three stages (proliferation, differentiation, and mineralization) when cultured in vitro. At all developmental stages, MCP-1 levels were stimulated at 1 h and then decreased to basal levels thereafter. The highest stimulation (6.4-fold) by PTH is observed in the differentiation stage, and the lowest (2.7-fold) is seen in the mineralization stage. It is possible that the osteocyte is also able to produce MCP-1, but these cells would make a minor contribution in the region of the femora (primary spongiosa) analyzed.
PTH Stimulation of MCP-1 Is Dose-dependent via the PKA Pathway and Is a Primary
Response-We observed significant increases in MCP-1 mRNA in UMR cells at low doses of PTH (10 Ϫ10 M) when we performed a dose-response experiment with PTH-(1-34). Although 10 Ϫ10 M PTH was sufficient to increase MCP-1 mRNA significantly (p Ͻ 0.05), maximal effects were observed with 10 Ϫ8 M PTH, and half-maximal stimulation was calculated to occur with 5 ϫ 10 Ϫ9 M PTH (Fig.  3A) . PTH signals through both PKA and PKC pathways after binding with its receptor, PTH1R, on the osteoblast membrane (22, 23) . To study which pathway PTH uses to regulate MCP-1, we took advantage of different peptide fragments of PTH that activate different pathways as well as inhibitors and activators of these pathways. As shown in Fig. 3C , hPTH-(1-31) (which activates PKA but not PKC) (24, 25) retained the ability to stimulate MCP-1 mRNA levels after a 1-h treatment of UMR 106-01 cells (5.7-fold increase compared with 6-fold increase by rPTH- (1-34) ). However, bovine PTH-(3-34) (which activates PKC but not PKA) (25) failed to regulate the expression of MCP-1. In comparison, 8-bromo-cyclic AMP, a cell-permeable cAMP analog, stimulated the expression of MCP-1 about 5-fold, whereas PMA, an activator of the PKC pathway, had no effect. Consistent with these data, in the presence of the PKA inhibitor H-89, but not in the presence of the PKC inhibitor GF109203X, rPTH-(1-34) lost its ability to induce MCP-1, suggesting that this regulation is PKA-dependent but not PKC-dependent in osteoblastic cells.
To determine whether PTH induction of MCP-1 is a primary response, UMR 106-01 cells were treated with rPTH-(1-34) (10 Ϫ8 M) in the presence or the absence of cycloheximide. Fig.  3B shows that cycloheximide had no effect on the PTH induction of MCP-1, suggesting that this process does not require de novo protein synthesis (i.e. this effect is a primary response).
Both MCP-1-and PTH-treated UMR Cell Line Conditioned Media Have Chemotactic Effects on Pre/Osteoclasts-Because the expression of the C-C motif chemokine receptor-2 and -4 (CCR2 and CCR4, the receptors for MCP-1) could not be detected by real time RT-PCR in osteoblastic cells (data not shown), we studied the effect of MCP-1 on osteoclasts and their precursors. First, murine macrophage RAW 264.7 cells were used, which can differentiate into osteoclastic cells. RAW cells respond to RANKL stimulation in vitro to generate multinucleated osteoclasts (RAW osteoclasts), a hallmark characteristic of fully differentiated osteoclasts (26) . RAW cells do not require M-CSF as a permissive factor in RANKL-induced formation of osteoclast differentiation and function (19, 26, 27) , so the cells are only treated with RANKL to differentiate them into mature osteoclasts. In Fig. 4A , both recombinant MCP-1-and PTH-treated UMR cell conditioned media have strong chemotactic effects on RAW cells without RANKL treatment. From Fig. 4D we can see that the chemotactic effects of MCP-1 are blocked by the presence of a neutralizing antibody. More importantly, the MCP-1 antibody also significantly decreased the chemotactic potency of PTHtreated UMR cell culture media. Furthermore, we extended our study using osteoclast precursor cells isolated from mouse long bones to confirm the chemotactic effect on primary osteoclastic cultures. Recombinant MCP-1-and PTH-treated UMR cell culture media similarly showed strong chemotactic effects on primary osteoclast precursors (Fig. 4B) . Taken together, the results indicate that MCP-1 has a strong chemotactic effect on pre-osteoclast cells, and MCP1 is likely a major chemotactic factor in PTH-treated UMR media, which causes pre-osteoclast migration. RAW cells and the pre-osteoclasts from mouse long bone were induced to differentiate by treatment with RANKL for 6 days. The osteoclasts were used in chemotactic assays. As shown in Fig. 4C , MCP-1-and PTH-treated UMR culture media also demonstrated a chemotactic effect on these differentiated multinucleated cells. Overall, the results indicate that MCP-1 has chemotactic effects on both the mature osteoclast and its precursor cells.
MCP-1 Enhances RANKL-induced Osteoclastogenesis and Fusion-
We found that exogenous MCP-1 positively stimulated osteoclast differentiation. Adding MCP-1 to the standard M-CSF and RANKL regime of primary osteoclast cultures for 6 days (with fresh cytokines fed every other day) significantly increased TRAP mRNA expression dose-dependently (50 and 100% increases with MCP-1 of 50 and 100 ng/ml specifically) (Fig. 5A) . The effect of MCP-1 to facilitate pre-osteoclast differentiation was quite remarkable, with significantly increased number of nuclei in the TRAP-positive cells as well as fusion resulting in morphologically larger multinucleated osteoclasts (Fig. 5, B and D) when compared with cultures without addition of MCP-1. 
MCP-1 Increases Osteoclastic Mineral Dissolution in Vitro-
More importantly, by using BD Biocoat osteologic disks with cultured mouse bone macrophages, we found MCP-1 significantly increased the dissolved areas at concentrations of both 50 and 100 ng/ml (Fig. 5, C and E) . The mineral dissolution activity was increased by 2-and 3.5-fold with addition of 50 and 100 ng/ml of MCP-1.
DISCUSSION
Parathyroid hormone is now accepted to have anabolic effects when injected intermittently; in fact, it is a highly effective treatment for osteoporosis. When given this way, PTH not only increases bone formation but also promotes bone remodeling (28) . Both clinical and animal studies have shown that bisphosphonates, inhibitors of bone resorption, can blunt the anabolic response to PTH, suggesting that active bone resorption enhances the anabolic actions of PTH (1-3). Bone resorption requires the activation of the pre-osteoclast to form mature osteoclasts. This involves migration, expression of certain molecular markers, and the increase in numbers of fused multinucleate osteoclasts.
It is known that the PTH receptor mainly exists on osteoblasts and pre-osteoblastic cells, so it has been proposed that PTH-stimulated osteoclastic bone resorption is most likely mediated through factors expressed by osteoblasts upon PTH challenge. These factors play an important role in modulating the differentiation of osteoclast progenitors in two different ways as follows: one is the production of soluble factors, and the other is cell-cell recognition between osteoclast progenitors and osteoblasts or osteoblastic stromal cells. Two essential factors have been identified. M-CSF is probably the most important factor for the early stages of osteoclastogenesis, which appears to be necessary for not only proliferation of osteoclast progenitors but also differentiation into mature osteoclasts and their survival (8, 19) . RANKL acts on osteoclast progenitors and prepares them to differentiate into mature osteoclasts (29) . Parathyroid hormone causes increased M-CSF and RANKL mRNA and protein expression by osteoblastic cells. As little as 10 ng/ml M-CSF can support survival of cells of the macro- phage lineage into osteoclasts (29, 30) . So even without PTH stimulation, the basal M-CSF level in the microenvironment of bone produced by osteoblast and bone accessory cells such as macrophages should be enough to support osteoclastogenesis. This suggests that M-CSF is essential for osteoclastogenesis, but PTH can regulate osteoclastogenesis via stimulation of RANKL instead of M-CSF. However, RANKL is produced mainly as a typical type II transmembrane protein by the osteoblast that reacts with its receptor RANK on pre-osteoclast membranes to differentiate these cells into active osteoclasts and to initiate bone resorption; it is essential that the osteoblast and osteoclast are in close proximity or a soluble form of RANKL is cleaved and released into the remodeling environment (31) . Direct cell contact is usually vital for RANKL stimulation of osteoclastogenesis. To facilitate this process after PTH stimulation, drawing the committed cells, osteoclasts or their precursors, close to RANKL on the osteoblast membrane is of particular importance to initiate direct cell contact to promote osteoclast maturation. In the present studies, MCP-1 was demonstrated to play an important role in this process by recruiting osteoclasts and their precursors and facilitating osteoclastogenesis and fusion.
Bone resorption is now thought to enhance the anabolic effects of PTH, but in the final analysis, it is also critical to have more bone formation than resorption. Thus, the stimulation of bone resorption during the anabolic protocol should be a transient event preceding osteoblastic bone formation to provide new remodeling sites for new incoming osteoblasts. As mentioned earlier, it is well documented that the increase in osteoclast formation is directly proportional to the level of RANKL expression, and M-CSF plays primarily a permissive role (29, 32) . Furthermore, both in vitro and in vivo studies have demonstrated that PTH influences osteoclast formation primarily by regulation of the RANKL/OPG ratio (33) . During the PTH anabolic protocol, the hormone would regulate bone turnover in an intermittent fashion. First, it would stimulate osteoclasts through paracrine proresorptive factors. Then, as PTH levels decline, osteoclasts need to be promptly removed and osteoblasts recruited to rebuild bone. It is important for the active osteoclast signal to cease quickly to allow osteoblasts to overcompensate, leading to a net gain in bone mass. As expected, the stimulation of RANKL by PTH administration is a transient response both in vitro and in vivo. The half-life is 40 -60 min for RANKL mRNA, and the duration of increase in RANKL mRNA after each PTH administration is short (34) . The peak level of the RANKL/OPG mRNA ratio is 1 h after each PTH injection and declines to basal at 2 h in 3-month-old female rats with 1-, 7-, and 14-day intermittent administration (4). Interestingly, the kinetic pattern of MCP-1 is very similar to the pattern of the ratio of RANKL and OPG with intermittent PTH injections. It is notable that the stimulation of MCP-1 by PTH in vivo is a rapid but transient event after each injection; this is very consistent with its potential role for the anabolic effect of PTH. Thus, PTH-induced osteoblastic expression of MCP-1 can facilitate RANKL action in the initiation of bone resorption by recruiting pre/osteoclasts to the remodeling sites and promoting osteoclast differentiation. It is worth noting that with continuous treatment, RANKL mRNA levels are moderately up-regulated but sustained throughout the treatment, which is also observed for MCP-1 expression. Thus, we think the catabolic effect is produced because of sustained elevated osteoclastic bone resorption due to the sustained up-regulation of RANKL with continuous infusion of PTH as well as the moderate up-regulation of MCP-1 to facilitate the effect of RANKL. We think the anabolic effect is achieved because up-regulation of RANKL and MCP-1 is transient and causes short term bone resorption, which is succeeded by increased bone formation. It is very noticeable that there is a progressive and adaptive response to PTH in the anabolic protocol, and this may be a key difference distinguishing the biology of intermittent versus continuous PTH. It is possible that a new population of osteoblasts (and other cells) is generated by this adaptive response, and these have a metabolic capacity for anabolic bone tissue production distinct from that of the existing lining cells at the start of treatment.
This study suggests that PTH-induced osteoblastic expression of MCP-1 is involved in osteoclast recruitment, differentiation, and fusion of osteoclast precursors and provides a rationale for increased osteoclast activity in the anabolic effect of PTH in addition to the effects of RANKL to initiate bone remodeling. Our finding is consistent with the study from Kim et al. (35, 36) that MCP-1 promotes human osteoclast fusion. These authors even showed that without RANKL, MCP-1 and M-CSF can stimulate the differentiation of human peripheral blood mononuclear cells to cells with the visual appearance of osteoclasts (36) . The difference between their data and ours may be because of the difference in the cell types (they used human peripheral blood mononuclear cells and cultured the cells longer); we were unable to obtain mature osteoclasts with solely MCP-1, although we consistently find that MCP-1 can recruit pre-osteoclasts and osteoclasts and it enhances the effects of RANKL on osteoclastogenesis. Nevertheless, both sets of data suggest that MCP-1 has an important physiological role during the activation of bone resorption. Recently, DC-STAMP (dendritic cell-specific transmembrane protein), a putative seventransmembrane protein, was identified as an essential regulator of osteoclast and macrophage cell fusion and to have an essential role for osteoclast multinucleation in bone homeostasis (37, 38) . So far, its ligand has not been identified. Although there is no evidence now to prove that MCP-1 interacts with DC-STAMP, the similar function of both in regulating osteoclast fusion suggests that MCP-1 may either interact with DC-STAMP, induce DC-STAMP, or induce the fusion partner for DC-STAMP on its corresponding fusion cell.
The study by Kim et al. (36) also suggests that MCP-1 is induced by RANKL during osteoclast differentiation. We conclude that RANKL is unlikely to contribute greatly to the stimulation of MCP-1 mRNA during PTH intermittent administration for the following two reasons. The increase in MCP-1 mRNA is a primary response to PTH in osteoblastic cells in culture. Furthermore, both MCP-1 and RANKL show peak mRNA levels at 1 h after PTH administration in vivo, and both decline to basal levels at 2 h after the first injection. The RANKL mRNA will require sufficient time for increased expressed RANKL protein to regulate the expression of other genes. Since the peak mRNA of MCP-1 is also at 1 h, this is too early for an indirect effect in bone. After 14 days, the mRNA abundance of MCP-1 is still 30-fold higher than basal at 2 h after the last injection, which could possibly be partially due to RANKL stimulation of the osteoclasts. However, considering the fact that MCP-1 mRNA is more than 200-fold that of basal 1 h after the last injection on the 14th day, it is reasonable to see a relatively sustained MCP-1 level since cells may require more time to process this amount of mRNA.
To further investigate the function of MCP-1, we plan to check the bone phenotype and response to PTH treatment of MCP-1 null mice, which have been described as indistinguishable from wild-type mice except for impaired delayed-type hypersensitivity responses due to abnormalities in monocyte recruitment (39) . Also, it was recently found that the circulating levels of MCP-1 are elevated in human obese subjects and associated with obesity-related parameters (40, 41) through CCR2 (MCP-1 receptor), which seems to play a role in the maintenance of adipose tissue macrophages (42) .
The stimulation of MCP-1 mRNA levels after PTH injection in an anabolic protocol in the animal model is very dramatic; our recent experiments have found a difference in serum MCP-1 concentrations from rats injected with PTH compared with vehicle but not of the fold difference of mRNA (data not shown). We think this is because the up-regulation of MCP-1 expression in bone mainly increases the local concentration of MCP-1. It is also possible that the stimulation of MCP-1 by PTH, although a large fold stimulation, represents a rather small absolute quantity of MCP-1 in these local bone compartments. MCP-1 secreted from the osteoblast upon PTH challenge constitutes a paracrine mode of communication to act on osteoclasts and its monocyte precursors. It is also possible that the osteocyte contributes to MCP-1 expression. Since we cannot detect mRNA expression of CCR2 or CCR4 by real time RT-PCR in osteoblastic cells (UMR 106-01 cells; data not shown), MCP-1 is unlikely to act on the osteoblastic lineage cells via an autocrine mode. Thus, the osteoclast and monocytes are likely to be the main targets for MCP-1 in bone.
Since the incubation of PTHtreated UMR cell-conditioned media with MCP-1 neutralizing antibody only blunted and did not totally abolish its potency for chemotaxis, other chemokines likely exist in the media of these cells and may contribute to the migration of pre/osteoclasts as well. But since the effect was substantially decreased by an MCP-1 antibody, MCP-1 may be the main factor produced in PTH-treated UMR media, which induces the migration of osteoclasts and its precursors.
In conclusion, as shown in Fig. 6 , we propose a model that upon PTH treatment the PKA pathway is activated in osteoblasts, resulting in the expression of RANKL on the membrane and secretion of MCP-1. Osteoclasts and precursor monocytes are recruited to the remodeling site by MCP-1 to initiate the process of bone remodeling. At the same time, MCP-1 facilitates the fusion of the pre-osteoclast forming mature osteoclasts through a paracrine mode.
